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Abstract 
Residual stress is one of the main characteristics of the surface machined by electrical discharge machining (EDM). In this 
paper, the formation mechanism of the surface residual stress, and its distribution were simulated using molecular dynamics 
methods. It was found that a larger pressure gradient was formed in the melting area during discharge. It was also found that there 
existed larger stress gradient in the melting region and in the solid region in contact with the melting area. The pressure gradient 
and the shear stress field is the important reason for the formation of the bulge of the discharge crater. From the distribution of the 
residual stress, it was found that the residual stress on the electrode surface is tensile while it is compressive inside the electrode, 
indicating that cracks are easy to be generated in the re-solidified layer. 
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1. Introduction 
Electrical discharge machining (EDM) is a thermal 
process. Instantaneous temperature rise during the 
machining process changes the physical properties of the 
machining surface layer, resulting in presence of residual 
stress which is one of the key factors affecting the 
machined surface quality and its functional performance. 
Hence, to clarify its formation mechanism, many studies 
have been conducted on the residual stress. For example, 
VK Jain [1], and Youshen YANG [2] conducted the 
temperature and residual stress analysis using the finite 
element method. In their studies, since volume fraction of 
the removed region in the molten area was unknown, the 
fraction was assumed to be 100% [1] or 50% [2]. In the 
actual EDM however, much higher fraction of the molten 
material is left on the electrode surface, forming the re-
solidified layer [3]. Moreover, formation of bulge in the 
discharge crater morphology was not considered. Shuvra 
et al [4] simulated the temperature distribution, residual 
stress and the final crater shape using the commercial 
finite element solver DEFORM. However, since the 
finite element method belongs to analysis tools for 
continuum mechanics, which consider materials to be 
continuum from a macroscopic view, it is difficult to 
simulate the dynamic behaviour of materials and hence 
cannot explain precisely the crater formation mechanism 
in micro-EDM.
Electrical discharge phenomena in EDM occur in a 
very short time period and in a very narrow space, thus 
making both observation and theoretical analysis 
extremely difficult. To investigate the forming process 
of discharge craters and explain the material removal 
mechanism from a microscopic view, Molecular 
Dynamics (MD) simulation is a useful method [5–7]. In 
recent years, applications of MD in electrical-machining 
have been reported by Kalyanasundaram et al. [8] who 
studied the ‘quasi-solid’ behavior of the dielectric n-
decane at the nano-EM interface, Shimada et al. [9] who 
studied the mechanism of the self-sharpening 
phenomenon of thin tungsten electrodes in single 
discharge, and Cui [10] who simulated the electrode 
deposition process using the MD method.  
Xiaodong Yang et al. [11, 12] simulated the forming 
process of discharge craters in three dimensions and 
analyzed the material removal mechanism in EDM using 
a molecular dynamics method. Due to the limit of the 
calculation capacity and internal memory of the 
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computer, the spatiotemporal scales of the MD model 
used in these simulations were significantly small 
compared with those in actual EDM. However, the 
conclusions obtained from the above MD simulations 
are not affected by the model scale, and have been 
verified qualitatively in the actual EDM processes. For 
example, the material removal mechanism was clarified 
based on the thermal atomic movement. It was shown 
that the metal removal efficiency is significantly low, 
2% to 5%, leaving most of the melted pool re-solidified. 
Moreover, the forming mechanism of the bulge around 
discharge craters was elucidated. These conclusions 
indicate the validity and significance of the application 
ofMD for EDM.  
Thus, this study aims to simulate the formation 
mechanism of the surface residual stress and its 
distribution in micro-EDM using the molecular dynamics 
method. 
2. Molecular Dynamics Modeling 
2.1. Model and boundary conditions 
 
Cathode
Anode 
Interelectrode
 
Fig.1 Schematic diagram of model 
There are three domains in the model as shown in 
Fig.1: anode, cathode, and gap, representing the 
workpiece, tool electrode and the discharge gap, 
respectively. Both anode and cathode materials are copper, 
and discharge is ignited on the surface with the crystal 
orientation of {100}. The sizes of the anode and cathode 
are 60a×60a×32a and 53a×53a×19a, where a indicates 
the crystal lattice constant(a=0.361nm). The domain of 
the gap between the two electrodes is about 1200 Å 
×1200 Å ×80 Å in size. Considering that in actual EDM 
processes, the working gap is mostly occupied by bubbles 
even though the working gap is submerged in dielectric 
liquid [13], the working gap is taken to be vacuum for 
simplicity. Fixed boundary conditions are applied to the 
electrode surfaces except the working surface where 
discharge is ignited, and free boundary conditions are 
applied to the working surface. Through the free surface, 
thermal energy is input into the electrodes. With regards 
to the boundary conditions of the gap, for the horizontal 
surfaces parallel to the working surfaces of electrodes, 
free boundary conditions were applied to the areas 
contacting the electrodes, and the wall boundary condition 
where colliding atoms are bounced was applied to other 
areas. About the four side surfaces, free boundary 
conditions were applied. The embedded-atom method 
[14] was employed to express the interatomic potential in 
copper structure. 
2.2. Heat source model 
Kojima et al. [15] found that the arc column 
completes expanding 2μs after dielectric breakdown in 
dry EDM, and thereafter, its diameter remains constant 
during discharge. While in micro EDM, due to the very 
small discharge energy and very short duration, it can be 
assumed that the diameter of the arc column expands 
linearly during the discharge duration. In this study, a 
circular Gaussian heat source whose radius expands 
linearly with time was placed on the surface of both 
electrodes at the center to imitate the heat flux from the 
arc column. The Gaussian heat source can be expressed 
by Eq. 1.  
)exp()( 2krqrq m −=
                   
(1) 
Here, r is the radius of the arc column in linear 
expansion, q(r) is the heat flux density at radius r, qm is 
the maximum heat flux density, k is the heat source 
concentration factor. The applied power was assumed to 
be constant at every moment during the discharge, which 
can be realized by adjusting qm. The discharge power 
density decreases accompanied with the arc column 
expansion. To imitate the input of thermal energy, the 
velocity of each atom in the heat source was determined 
statistically so as to follow the Maxwell-Boltzman’s 
distribution at the discharge column temperature of 
7000K [16]. The power density was changed by varying 
the area density of the number of atoms in the heat source 
where thermal energy was given to the atoms. The depth 
of the heat source was variable according to the moving 
boundary on the free surface of electrode due to the 
formation of discharge crater. 
3. Heat affected area and re-solidified layer in EDM 
The material removal process and forming process of 
discharge craters in EDM was simulated with the 
conditions shown in Table 1. Although the 
spatiotemporal scale of the model used in this simulation 
is significantly small compared with those in actual 
EDM, the simulation results will be useful enough for 
qualitative understanding of the gap phenomena. 
Moreover, with the rapid advancement of the pulse 
generator, the minimum attainable discharge energy will 
be decreased further, realizing nano EDM where 
quantitative comparison between the MD simulation and 
practical results will be possible. 
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The simulation program was run on a personal 
computer installed with a four-core CPU whose clock 
was 2.33 GHz and two 2GB DDR2 667 SDRAM whose 
clock was 166MHz. This program had a parallel 
structure based on MPI (Message Passing Interface), and 
MPICH. nt.1.2.5 was used to implement MPI. The 
typical duration of one simulation was about 15 hours. 
Table 1. Simulation conditions 
Discharge time(ps) 4.8 
Relaxation(ps) 50 
Power density(GW/cm2) 1.24 
Discharge column radius(Å) 30 
Discharge gap(nm) 8.4 
Calculation time(ps) 90 
 
   The calculated temperature distribution in the middle 
section of the electrode is expressed by the gray scale as 
shown in Fig. 2. Thermal energy input into the electrode 
raises the temperature at the discharge spot and changes 
the temperature distribution in the electrode. When the 
temperature rises over the melting point (1358K) /
evaporating point (2840K), the material will 
melt/vaporize. From the temperature distribution, it was 
found that at the end of the discharge: t=4.8ps, the melting 
area size reached the maximum. The area where 
temperature increased not higher than the melting point 
was considered as the heat affected area, which can be 
judged by changes in the lattice with centro-symmetry 
parameter methode in MD. The size of the heat affected 
area peaked at t=17.4ps, slightly after the discharge, and 
decreased thereafter. At t=40.2ps, the temperature of 
whole molten metal dropped to below themelting point 
indicating it was solidified. 
 
a)t=1.2ps             b)t=2.4ps            c)t=3.6ps   
 
d)t=4.8ps             e)t=7.2ps             f)t= 9.6ps 
 
  g)t=17.4ps           h)t=21.6ps          l)t=40.2ps 
Melting area 
Heat affected area Re-solidified area
 
Fig.2 Calculated temperature distribution in the middle cross-sectional 
of the electrode 
4. Hydrostatic pressure distribution in melting area 
In this study,the hydrostatic pressure was calculated 
by virial theory [17] under the conditions in Table 1. The 
sectional view of the calculated pressure distribution in 
the electrode is shown in Fig. 3, which is expressed by 
the gray scale. It can be found the pressure generated 
inside the melting area is even higher than on the surface 
at the moment of t = 3.6ps, t = 4.8ps and t = 7.2ps. When 
the pressure gradient overcomes the bonding strength 
between atoms, the atoms or clusters are ablated out of 
the electrode surface and the bulge is formed on the 
electrode surface. Although the results of the MD 
simulation are qualitative, these simulations are difficult 
to be performed using the conventional ones. 
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Fig. 3. Sectional view of hydrostatic pressure distribution in the 
electrode 
5. Thermal stress and residual stress 
5.1. Representation of stress 
The thermal stress in the heat affected area can be 
calculated by virial stresses [18] which are expressed in 
cartesian coordinates. Since the thermal stress 
distributions in EDM are axisymmetric under the 
Gaussian heat source, virial stresses calculated in 
cartesian coordinates should be transformed to those in 
cylindrical coordinates by coordinate transformation. 
The axisymmetric stress state in cylindrical coordinates 
is shown in Fig. 4. Here the Gaussian heat source center 
on the electrode surface was defined as the coordinate 
system origin. Thereare no shearing stresses on the 
cross section containing Z axis, which means τ
θr = τrθ=0, 
τ
θz=τzθ=0. Therefore, there are only four stress 
components, which are radial normal stress σr, 
circumferential normal stressσ
θ
, axial normal stressσz 
and shear stressτzr=τrz, respectively. 
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Fig. 4. Spatial axisymmetric stress state in cylindrical coordinates 
5.2. Thermal stress and residual stress 
The thermal stresses in heat affected area were 
calculated under the conditions shown in Table 1. Within 
the stress components (σz, σθ, σr, τzr(τrz)), the distributions 
of radial normal stress σr and axial normal stress σz  
along the discharge crater surface are shown in Fig.5 and 
Fig.6, respectively. The atoms on the discharge crater 
surface can be judged by centro-symmetry parameter 
method[19]. From the simulation results, it was found 
that there existed large compressive stress gradient in the 
melting area and the solid region in contact with the 
melting area for all the stress components during 
discharge process. From the calculated results, it also 
can be known that the stress peaked at the boundary 
between the melting area and the solid region and the 
maximum normal stress was about -13GPa which may 
exceed the yield stress of Cu. With the passage of time, 
the area with high thermal stresses expanded gradually,  
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Fig.5. The top view of distribution of radial normal stress σr on 
electrode surface 
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Fig. 6 The top view of distribution of axial normal stress σz on 
electrode surface 
while almost all the normal stress components at the 
electrode surface reduced gradually and changedfrom 
compressive stress to tensile stress.From the calculated 
results, it also can be known that the shear stress τzr was 
about 3.0GPa which may exceed the ultimate shear 
stress strength of Cu at high temperature [20] resulting 
in the plastic flow of the material in contact with the 
melting area in the direction parallel to the slope of the 
conical discharge crater. The plastic flow can be 
considered as one of the main reasons of forming the 
discharge crater shape. 
 
A 
B 
C 
D 
 
Fig. 7 Residual stress at different positions 
Temporal changes in stress components at different 
places in re-solidified layer were analyzed. In Fig.7, 
positions A and B represent the surface of the discharge 
crater locating at the bulge and the bottom, respectively. 
Positions C and D represent the re-solidified layer area 
inside the electrode, while C is deeper than D. As shown 
in Fig. 8, it can be known that there existed high 
compressive stresses in re-solidified layer for all the 
normal stress components (σz, σθ, σr) during discharge 
duration and they fluctuate significantly. The maximum 
stress may exceed the ultimate strength of the electrode 
material at high temperature. After the end of discharge, 
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the stress reduced with a smaller fluctuation, and all 
normal stress components at the positions A and B 
changed from compressive stress to tensile stress 
gradually, while those at positions C and D remained 
compressive. It can be seen from Fig. 2 that the molten 
metal was solidified at t=40.2ps. Hence, the thermal 
stresses observed after this time are considered as residual 
stresses. It can be found that the residual stresses on the 
electrode surface (positions A and B) are approximately 
tensileconsisting with the simulation resultsshown in 
Fig.5 and Fig.6, while those are compressive deep in the 
electrode (positions C and D), indicating that cracks are 
easy to be generated on the surface, which is consistent 
with experimental results [21,22].  
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 (a) Radial normal stressσr 
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 (c) Axial normal stressσz 
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 (d) Shear stressτzr(τrz) 
Fig. 8 Stress variation at different positionsin re-solidified layer 
6. Conclusions 
1. After discharge is ignited, extremely high pressure 
is generated inside the melting area, resulting in atoms 
and clusters accelerated out of the electrode surface. The 
fact that the pressure inside the electrode is higher than 
that on the electrode surface is considered as one of the 
main reasons of the ablation of melting atoms and 
formation of the bulge on the electrode surface. This may 
be a significant contribution to understanding the removal 
mechanism of EDM, which has been difficult to analyze 
using conventional simulation methods.  
2. The stress peaks at the boundary between the 
melting area and the solid region.  The shear stress may 
exceed the ultimate shear stress strength of Cu resulting 
in the plastic flow of the material in contact with the 
melting area, which can be considered as another reason 
for forming the discharge crater shape.  
3. Stresses in the re-solidified layer fluctuate
significantly during the discharge duration. After the end 
of discharge, the stress reduces with a smaller fluctuation. 
With the passage of time, almost all the normal stress 
components at the electrode surface changed from 
compressive stress to tensile stress and those inside the 
electrode are left at compressive stress. As a result, the 
residual stress on the electrode surface and inside the 
electrode is mainly tensile stress and compressive stress 
respectively, indicating that cracks are easy to be 
generated on the surface.  This theory has been already 
verified by the conventional analyses using FEM 
simulation. Although the spatiotemporal scale of the 
present MD simulation is significantly small compared 
with that in actual EDM, the conclusions obtained above 
will be useful and meaningful enough for understanding 
the stress generated in EDM. Even if the spatiotemporal 
scale of the MD model is expanded in the future, the 
simulation results obtained in the present work will be 
valid and the qualitative conclusions will not change 
essentially. 
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